Knowledge of potential failure modes during design is critical for prevention of failures. Currently industries use procedures such as Failure Modes and Effects Analysis (FMEA), Fault Tree analysis, or Failure Modes, Effects and Criticality analysis (FMECA), as well as knowledge and experience, to determine potential failure modes. When new products are being developed there is often a lack of sufficient knowledge of potential failure mode and/or a lack of sufficient experience to identify all failure modes. This gives rise to a situation in which engineers are unable to extract maximum benefits from the above procedures. In this work we report on a new failure identification scheme and integrate it with a function-based failure identification methodology, which would act as a storehouse of information and experience, providing useful information about the potential failure modes for the design under consideration, as well as enhancing the usefulness of procedures like FMEA. As an example, the method is applied to 41 products and the benefits are illustrated.
INTRODUCTION

Scope
In engineering design, the end goal is the creation of an artifact, product, system or process that performs a function or functions to fulfill customer needs [1] . In today's competitive market it is important that manufacturers meet the customer requirements of a safe and reliable product that will have a minimum down time during the expected life of the product. This is true for all kinds of markets, be it the industrial markets like the highly failure sensitive aerospace industry or the consumer market which demands high reliability at low cost. This demand places a heavy burden on the shoulders of designers and manufacturers to eliminate or at least minimize possible malfunctions and failure modes from their products and processes. This necessitates a broad knowledge of the common failures encountered. This paper mainly deals with management of the declarative knowledge of recorded failure cases and their link to component function. This paper is based on a function-failure method, developed by Tumer and Stone [2] , who have hypothesized that similarities exist between different failure modes based on the functionality of each component/product. We also adopt a modified form of the matrix method developed by Collins et al. [3] to document failure data. Major emphasis has been laid on the standardization of the vocabulary in documenting the failure modes. The functions have been standardized by the functional basis developed by Hirtz et al. [1] and the failure modes by the failure classification provided by Collins, which is to be further expanded to adapt to new and advanced materials. The principles of Failure Modes Effects and Analysis (FMEA) have been adopted to quantify the failure mode documentation.
In the remainder of the paper, we present the motivation, background, approach, results and conclusions of this research. As specific motivation, we present some applications for a common function-failure design vocabulary. As background, we briefly summarize some research in the field of Failure Modes and Effects Analysis that are related to conceptual engineering design and some work related to the classification of failure modes and the methods proposed for their documentation. The methodology and approach are described and an example is provided to illustrate the methodology. The paper concludes with insights gained from the research process.
Motivations and Applications
Several factors motivate the creation of a function-failure method for design methodology. The following serve both as a motivation for and practical applications of the function-failure method developed in this research.
• Standardization of Vocabulary: Often different methods are employed in recording failure data and the natural language is used for describing failure information. This makes the sharing of the valuable information difficult among different sections of the same organization or even among individuals. Though researchers have worked on the standardization of the function vocabulary and the failure modes on an individual basis, there has been little effort on the combined standardization of the two. This paper uses the functional basis developed by Stone and Wood [4] and Hirtz et al. [1] and presents a standardized failure mode vocabulary. This uniformity and consistency in the representation of function and failure knowledge provided by the function-failure method makes it an effective engineering organizational learning tool whose knowledge base can be shared not only among sections within the same organizations but across organizations with the aid of web-based technologies.
• Repeatability and Reusability: It is very important for the failure mode data to be dynamic in nature indicating the latest status on the failure modes and its various characteristics like severity and occurrence. The dynamic nature is essential to make the method repeatable and reusable. The uniformity in the description of the functionfailure data along with archival techniques employed facilitates repeatability and effortless updating of the failure modes data. This data when used with conventional FMEA techniques is envisioned to be a very useful design tool.
• Failure Data for New Products:
To design for failure in the conceptual design stage has always proved a challenge. This is because of the difficulty that arises in predicting failures at such an early stage when the structure of the component or product is hardly realized and no specifications as to its materials and the use environment are known. Beiter et al. [5] developed the Assembly Quality Methodology (AQM) to predict defect levels of new products. In this research we use a functional model, which is a functional diagram of the product expressed in the vocabulary of the functional basis to predict failure modes. This will give the designer a starting point for examining the possible failure modes that the component and/or product might experience during use. Thus the method assists in specifying the component design and needed analysis methods at a very early stage and offers to minimize the cost of redesign. For instance, the indication of a high cycle fatigue for a product with a "transmit rotation" function will prompt the designer to perform a fatigue analysis to ensure that the corresponding component does not malfunction.
• A Source for Real-Time Failure Occurrence Data:
The FMEA analysis assigns a value to the Occurrence of the failure by making a reasonable guess of the probability of the occurrence of the failure. This introduces a certain amount of non-uniformity in the data recorded as the probability assigned for a failure to occur depends on the experience of the designer and hence can vary from designer to designer. The function-failure method provides a realistic approach to obtain actual occurrence rates from the composite function-failure matrix.
• An Educational Tool for Novice Designers: To design for failure or for the performance of tasks like the Failure Modes and Effects Analysis, requires a lot of experience. Today's market is flooded with products that might not require the expertise of an experienced designer but at the same time is required to meet the customer's demand of longevity and safety. It is quite natural to employ novice designers for such products. The function-failure matrix can compensate for their lack of design experience, as it is in effect the collection of real-time data recorded in a standardized form.
These are just some of the practical applications in sight. With the continued development of the function-failure method, its usability and the areas in which it can be applied is bound to increase.
BACKGROUND AND RELATED RESEARCH Failure Modes and Effects Analysis (FMEA)
The FMEA procedure is an offshoot of the Military Procedure MIL-P-1629 [6] , developed by the United States Military as a tool to determine and evaluate equipment failures. This was followed by ISO 9000 series issued by the International Standards Organization and QS 9000 series, the automotive analogy of the ISO 9000, which were a set of business management standards that focused on customer needs and expectations. In 1993 the Automotive Industry Action Group (AIAG) and the American Society of Quality Control copyrighted the industry-wide FMEA standards, which provided the general guidelines for preparing the FMEA.
A rigorously performed FMEA contains valuable information about the various components and assemblies of the product, which helps in the early detection of weaknesses in a product's design. The FMEA procedure is still considered by most organizations as laborious and costly both in terms of money and time. More often the efforts have had poor results due to poor reusability arising from the inconsistent descriptions of the functions of the components or systems and the failures they undergo. Wirth et al. [7] have identified two fundamental weaknesses in the conventional FMEA. These are: the lack of methodological guideline to conduct an FMEA, and, the employment of natural language in recording the FMEA related information. Wirth et al. have addressed the problem of natural language in the description of functions using system and function taxonomies derived from the set of verbs and operators or fluxes provided by Roth [8] and Pahl and Beitz [9] . But there continues to be a lack of consistency in the description of failure modes. An engineer might describe different occurrences of the same failure in different ways or the same description for two marginally different failures. This lack of consistency makes the classification of failures that might manifest a particular set of symptoms difficult to identify, which otherwise would be a great source of help in diagnostic analysis [10] . Thus standardization of both the function vocabulary and failure mode vocabulary is desired.
Standardization of vocabulary aids in the effective maintenance and utilization of a knowledge base. A knowledge base is the combination of "declarative" and "procedural" knowledge [11, 12] . Bluvband and Zilberberg [11] describe "declarative knowledge" as a set of facts and statistical data about objects or events, and, "procedural knowledge" as information about courses of action and production rules. Declarative knowledge is a collection of libraries and serves as the organizations' collective memory. Classic examples of declarative knowledge libraries include component libraries (component, failure modes and causes), corrective and preventive actions library, database description, end effect and severity library, test methods library, detectability library and current controls. The procedural knowledge consists of information regarding the effect of a failure propagated to the next higher level. For example, from the part level to the assembly level the identification of the highest effect failure mode is regarded as the end effect of the system. FMEA has to be performed as early in the design stage as possible as it would identify potential problem areas and minimize the cost of changes to be made in the design. But if FMEA is performed earlier in the design stage then it has to be repeated whenever the design is changed. The prohibitive cost and the time consumed in repeating FMEA has pushed the FMEA procedure to a later stage in the product development cycle [13] . FMEA performed at the final stages of the product development will add little or no value to the product, as the cost involved in making design changes at this stage can be enormous. Thus this necessitates following an approach that will enable the FMEA to be performed at an early stage.
There are two main approaches to the "Design FMEA" according to the Aerospace Recommended Practice [14] : the hardware approach and the functional approach. The two approaches complement each other as they have different kinds of details and are performed at different stages in the product cycle. The hardware approach is evaluated by considering the changes that occur in each hardware, and their effects on the neighboring component hardware and propagated to the next level up. As this requires specific information about the type of components and their individual properties, it can be performed only when the design has been adequately realized. The functional approach however can be undertaken in the initial stages of product development. It involves the development of functional and system schematic diagrams. This approach relies on the specification of the purposes and functions of each piece of equipment [12] .
Matrix techniques for FMEA applications were originally explored by Barbour in 1977 [15] . Goddard and Dussault [16] developed the Automated Advanced Matrix FMEA, which was a refined extension of Barbour's work, mainly serving as a logistics tool. The matrix was formed with the columns comprising of outputs of the assembly under analysis, test points of analysis, comments, remarks and references and the rows comprising of inputs to the assembly being analyzed with appropriate failure modes for the inputs and the parts contained in the assembly being analyzed with their failure modes. Henning and Paasch [17] also adopt a matrix-based approach to diagnose potential failure cases in proposed designs.
Mechanical Failure Modes
The increasing importance of reliability metrics is fueling the advancement of reliability prediction methods, especially those used in new designs. Researchers have relentlessly worked to develop methods to classify and provide failure mode data to designers at an early stage. Peecht and Dasgupta [18] have discussed the application of the their "physics of failure" methodology to reliable product development. In this approach the designer specifies the design requirements based on customer requirement and supplier capability and also identifies the use environment. Next, stress analysis, along with the knowledge of stress response of the design materials, is used in identifying failure sites, failure modes, and failure mechanisms. Once the potential failure modes are analyzed, a failure mechanism model is obtained which enables a reliability assessment to be conducted on the product. This information thus obtained helps to determine whether a product will survive its intended application life.
Thornton [19] classifies failures into three categories: Safety, Functional and Ancillary. Within these categories, failures are further classified into five general areas as design deficiencies, construction deficiencies, material deficiencies, administrative deficiencies and maintenance deficiencies. The paper further states that as much as 52% of the failures is due to design deficiencies, 25% due to construction, and 18% due to materials deficiencies.
Svalbonas [20] classifies failures into five general groups as design, material selection, material imperfection, material fabrication and service environment. Failures resulting from design deficiencies are usually associated with poor structural design aspects. The design phase is divided into five stages: 1) setting design specifications, 2) providing design analysis, 3) providing proper fabrication and inspection, 4) setting required quality assurance procedure and 5) providing proper purchase specification. An error in any of the above five stages is almost certain to introduce a failure mode into the product.
Collins et al. [3, 21] have introduced the matrix approach to failure modes data recording as early as 1976. They devised a three dimensional matrix in which the axes represent the failure modes, elemental mechanical functions and corrective actions. Each failed part was classified by these attributes. The Failure-Experience matrix formed a sound basis for cataloguing failure data and a potential engineering design tool. Its effectiveness as a design tool lies in its ability to accept real data and to generalize and normalize the data, which can then be used for a specific application.
TABLE 1. Categorization of failures.
In this paper we use the failure modes categorization scheme enumerated by Collins [3] . Collins has classified failures into three categories, as shown in Table 1 : 1) manifestations of failure, 2) failure inducing agents and 3) locations of failure. The human category was added under failure inducing agents to account for failure due to human negligence such as improper maintenance or ignorance of processes [22] .
By selecting appropriate classification from the three categories mentioned above Collins describes 23 commonly occurring failure modes, which are listed in Table 2 . For example the "Thermal Fatigue" failure mode is derived as follows:
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APPROACH: CLASSIFICATION OF FAILURE MODES
In this section we describe our novel failure mode identification scheme. Failure information is recorded in an augmented bill of materials with columns representing part name, function performed and physical description as shown in Table 3 . In addition to the standard bill of material entries we record information about the failure modes, causes of the failure and the effects of these failure modes on the components and the severity and occurrence values of the components.
The failure modes are recorded using the descriptors provided by Collins [3] . Though this paper uses only the descriptors provided by Collins, during the course of this research we believe that more failure mode descriptors will be required to handle failure modes experienced by plastics, and products made from composite materials and other new advanced materials.
A major contribution of this research is the addition of primary and secondary identifiers to the Collins failure modes. This approach attempts to resolve any ambiguity in the designer's mind as to the selection of the appropriate failure mode. The "primary identifier" provides information such as the kind of load applied, the nature of the force, the kind of material involved, the characteristic environment under which the failure mode occurs or the main characteristic of failure. These were categorized as primary identifiers as it is absolutely necessary for the failure to have been associated with the given condition to be classified under the corresponding failure mode. The "secondary identifier" provides information such as materials used, characteristics of failure, or presence of other factors or medium. The reason behind identifying this information as secondary identifiers was because it is absolutely necessary for the failure mode to fit into the description provided by the primary identifier for it to be labeled by the corresponding failure mode. During the course of this research some ambiguity was caused by three pairs of failure modes: 1) surface fatigue wear and surface fatigue; 2) impact fatigue and impact wear; and 3) erosion corrosion and corrosive wear. The ambiguity arose due the very similar characteristics in the development and description of these failure modes. As different engineers or the same engineer might describe the net result by two different names, it was decided that these failure modes be combined into three classifications. Surface fatigue wear and surface fatigue are combined as surface fatigue wear since surface fatigue wear is a result of surface fatigue and a design to prevent the former would take care of the latter. Similarly impact fatigue and impact wear were combined under the heading impact fatigue wear, as it would address both failures simultaneously. Also, corrosive wear and erosive wear are combined as corrosive wear, since by definition there is little distinction between the two and corrosive wear encompasses erosive wear. 
General Methodology
In this section, we outline the general steps for documenting functional information that lead to the formation of the function-failure matrix originally reported in Tumer and Stone [2] . In this paper, we present an improvement to the functionfailure method by introducing and developing a standardized failure mode classification scheme. The function-failure method naturally breaks into five steps, which are repeated for the sake of completeness in the following sections. The general procedure is outlined in Figure 1 
Step 1: Documenting Functional Data
The first step is to document the function information detailing all possible functions performed by the component, assembly, or sub-system, and describe their physical characteristics. This is accomplished by preparing a bill of materials and functional model for each product under study.
The bill of materials is a list of the components making up the product [23] . It identifies the assembly to which the component is a member, the quantity of the component used in the product, its physical description, and the process by which it is manufactured along with the functions performed by the component. The set of m components for a product or a group of products is represented by an m-dimensional vector C.
The functional model is a description of a product or process in terms of the elementary functions that are required to achieve its overall function or purpose [4] . The functional model is a flow diagram indicating the various functions of the product and their connectedness through the flows of energy, material and information. In both the bill of materials and the functional model, the functional basis is used to describe the functions and the flows. The functional basis is a design language where product function is characterized in a verbobject (function-flow pair) format capable of describing the mechanical design space. The set of functions describing the product set form an n-dimensional vector E.
Step 2: Forming the Function-Component Matrix
Next, the function-component matrix is created with the help of the bill of materials and the functional model. The components form the m columns of the matrix and the functions form the n rows of the matrix. For a given component a '1' is placed in the cell corresponding to the function it performs and a '0' is placed in the other cells. We call this m x n matrix the EC matrix, shown in Figure 2 .
FIGURE 2. EC Matrix.
Steps 3 & 4: Forming the Component-Failure Matrix
The documentation of failure data described in the previous section constitutes the third step in the general approach.
From the failure data recorded as described in the previous section, the fourth step is to form the component failure mode matrix, with p columns representing the failure modes and n rows representing the components. This n x p matrix is called the component-failure matrix, denoted by CF. As in the function-component matrix, a '1' is placed for a component in the cell corresponding to the failure mode it experienced and a '0' in the other cells. The component-function matrix is shown in Figure 3 . This paper describes only the binary format of the CF matrix where a 1 represents the existence of a particular failure mode for a component and 0 the absence. Research is in progress wherein the cells of the CF matrices contain information like severity or the risk priority numbers, which on analysis by statistical procedures will provide some good indicators for the relationship between component functions and their associated failure modes, as well as the relationship among different failure modes or among functions.
Step 5: Forming the Function-Failure Matrix
Finally, the function-failure matrix is obtained by the matrix multiplication of the function-component matrix (EC) and the component-failure mode matrix (CF):
The resulting m x p matrix is called the EF matrix. The cells of this matrix provide information as to the number of occurrences of a particular failure mode for a given function.
The real advantage of the EF matrix as a design tool is obtained from the composite EF matrix from which occurrenceranking values could be obtained using the probability of occurrence. The probability could be obtained from the ratio of the number of occurrences of a failure to the total number of instances of failure. The following section illustrates the application of the function-failure approach to a set of 41 products.
Illustrative Example
In this section we describe the function-failure method applied to 41 products, which was mostly comprised of small to medium scale consumer products with a maximum of 50 sub-functions per product. The failure modes in this work are not the actual failure occurrence data but possible failure for each component identified based on their functionality, material and work environment. We discuss two of the functions and interpret the results for two functions. Table 5 shows the composite function-failure matrix for the 41 products. Before creating the composite function-failure matrix the function-component and the component-failure matrices are aggregated and the resulting matrices are multiplied to get the composite function-failure matrix [2] . More details on matrix aggregation are given in Stone et al. [25] . Mathematically the aggregated function-failure matrix is:
The matrix for forty-one products gives a list of 32 failure modes occurring over 180 functions, as shown in Table 6 . While designing a new product or redesigning an existing product we follow the procedure described earlier in deriving the functions of the product. Now utilizing the composite function-failure matrix we form the product specific functionfailure matrix (EF) by selecting the failure modes corresponding to the derived functions. For example consider the product under study has the following functions: 1) stop liquid and 2) secure solid. Its possible failure modes corresponding to its functions are shown in Figure 4 . The failure modes for these functions are:
• Stop liquid -Abrasive wear, deformation wear, direct chemical attack, force-induced deformation, temperature induced deformation and yielding.
• Secure Solid -Abrasive wear, adhesive wear, brittle fracture, corrosive wear, creep stress rupture, deformation wear, direct chemical attack, ductile rupture, force induced deformation, galling and seizure, high cycle fatigue, impact deformation, impact fatigue wear, intergranular corrosion, surface fatigue wear, temperature induced deformation, thermal relaxation, thermal shock and yielding.
With the possible failure modes identified, this gives us a direction performing further analyses on candidate design solutions. In particular, solutions for the stop liquid subfunction must be analyzed for strength and appropriate wear characteristics.
We explain the above two functions and some of their important failure modes to illustrate the interpretation of the function-failure matrix in Table 6 .
CONCLUSIONS
In this paper, the function-failure method, first introduced by Tumer and Stone [2] , has been extended by implementing a standard vocabulary for the description of functions and the failure modes of components. The method is meant to provide designers with an analytical tool to identify potential failure modes in the conceptual design stage. Additionally, a major contribution to the failure modes literature is presented in the failure mode identification table with primary and secondary identifiers to aid in selecting the appropriate failure mode. The method is applied to forty-one products and the composite function-failure matrix is formed to illustrate its potential as both an analytical tool and an educational tool. It is meant to aid the development of new products that do not have failure data and aid in the repeatability and usability of procedures like Failure Modes and Effects Analysis. The method will be more useful and productive as the product database grows as it would then describe a larger design space comprising of more failure modes and functions.
As ongoing and future work, we plan to apply the function-failure method to a number of products and apply statistical procedures to determine similarity between functions and/or among failure modes. This paper dealt with the binary form of the component-failure matrix. We plan to augment the function-failure matrix with crucial parameters like severity ratings or risk priority numbers and determine if they can be of any help in relating functions and failure modes. Washers that are pre-strained but due to heat loose their straining and malfunction
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